Abstract. Refractory materials, in particular tungsten base materials are considered as primary candidates for structural high heat load applications in future nuclear fusion power plants. Promising helium-cooled divertor design outlines make use of their high heat conductivity and strength. The upper operating temperature limit is mainly defined by the onset of recrystallization but also by loss of creep strength. The lower operating temperature range is restricted by the use of steel parts for the in-and outlets as well as for the back-bone. Therefore, the most critical issue of tungsten materials in connection with structural divertor applications is the ductile-to-brittle transition. Another problem consists in the fact that especially refractory alloys show a strong correlation between microstructure and their manufacturing history. Since physical and mechanical properties are influenced by the underlying microstructure, refractory alloys can behave quite different, even if their chemical composition is the same. Therefore, creep and thermal conductivity have been investigated using typical commercial tungsten materials. Moreover, the fracture behavior of different tungsten based semi-finished products was characterized by standard Charpy tests which have been performed up to 1100 °C in vacuum. Due to their fabrication history (powder mixing, pressing, sintering, rolling, forging, or swaging) these materials have specific microstructures which lead different fracture modes. The influence of the microstructure characteristics like grain size, anisotropy, texture, or chemical composition has been studied.
Introduction
Present design concepts for future fusion reactors (or DEMOnstration reactors) include high heat flux components (HHFC) which have to be operated at extreme physical conditions. Even though the exact in-service conditions are unknown today, it is clear that heat, neutron, and particle fluxes will exceed those of experimental near-term concepts like ITER (International Thermonuclear Experimental Reactor). A comprising and sufficient knowledge of all plasma-surface interactions and their implications is presently not available. Also the extent of possible control instruments or prediction capabilities of off-normal plasma events like disruptions and the appearance of localized modes is not known yet. Anyway, even based on non-conservative estimations and extrapolations of possible operation conditions (see e.g. [1] ), material selection in the designs for HHFC is a very complex problem.
To make a continuous operation possible, the plasma has to be cleaned of helium (the "exhaust" of nuclear fusion) and of impurities such as particles from the first wall. These ions are redirected from the burning plasma by auxiliary magnetic fields towards cooled target plates, the plasmafacing parts of the so-called divertors. During their impact, the high-energetic ions loose kinetic energy and recombine with electrons to neutral atoms which can then be removed by vacuum pumps. Due to the particle impact, the divertors are the highest thermally loaded components of a fusion power plant. About 15 % of the total fusion power has to be removed by divertors while peak loads of 10-20 MW/m² have to be considered. But like all plasma facing components, divertors are also exposed to fast neutrons. That is, damage, wear, and aging can reduce the durability of some divertor components significantly. Therefore, divertors have to be designed modular for an easy exchange of these parts.
In one of the most elaborated helium cooled divertor concepts [2, 3, 4 ] the plasma-facing structure consists of several hundred thousand single modules which may be roughly subdivided into four components: (1) a thermal shield made of tungsten (tile) which acts as armor and which is brazed to (2) a cap (or thimble) of WL10 (W-1wt.%La 2 O 3 ) with an integrated (3) cooling unit cartridge (e.g. pin or slot array or jet holes, also made of tungsten or WL10) which forms the helium jets and (4) the underlying structure (He inlet, outlet, manifold, etc.) of ODS (oxide dispersion strengthened) steel. Other helium-cooled divertor concepts, like the T-tube design [5, 6] , are based on larger surfaces, but the components are similar: (1) a tungsten armor layer on top, (2) an assembly of pipes, providing the helium-jet cooling, and (3) a connection/transition to the underlying steel structure. Further design studies have shown that the heat flux in simpler concepts (i.e. without helium flow promoters) is limited to less than 5 MW/m² while helium jet cooling (or promotion by pin or slot array) works up to 10 MW/m² [7] . Hypothetical liquid metal cooling concepts are also restricted to heat fluxes of less than 5 MW/m². This is mainly due to the high magnetic fields which counteract the coolant flow [7] . The water cooling concept of ITER (CuCrZr tubes with attached tungsten monoblocks) as well as a similar concept based on supercritical water (300-325 °C) cooling using Eurofer (9Cr1WVTa steel) tubes [7] would remove thermal loads up to 15 MW/m² -but only under very low neutron irradiation. DEMO operating conditions, however, imply neutron doses which would most probably destroy the copper structures, and Eurofer tubes had to be operated at 380 °C or higher to avoid substantial irradiation damage. Therefore, at present the helium cooled divertor concepts with tungsten as structural material seem to have the best prospects of success.
However, it is not yet clear whether pure tungsten or WL10 will suffice all the requirements for such a critical part. In all before mentioned helium cooled divertor designs, tubes (closed on both ends) or thimble-like parts are charged with pressure. They are rather demanding structural components with the lower operating temperature limit defined by the strength of the steel in-and outlets. With the Eurofer steel this would be 550 °C. But with ODS steels the operating temperature (and therefore, the coolant temperature) could be raised up to 650 °C or maybe even higher. However, probably the most critical issue of tungsten materials in connection with structural applications is their brittleness at lower temperatures. Hence, the occurrence of fast fractures (or the fracture behavior in general) has to be considered and investigated in detail.
The upper operating temperature of the structural tungsten material parts is limited either by the onset of recrystallization or by the loss of tensile and creep strength. Moreover, the designs make use of the high thermal conductivity of tungsten and/or tungsten based alloys which would allow for a wall thickness of only 1 mm for the pressurized parts. But the thermal conductivity of tungsten decreases with rising temperature. Therefore, potential local defects (in the structural material or in the brazing layer of the armor part) would increase the temperature at a certain spot which would reduce the thermal conductivity which would again raise the local temperature, and so on. In other words, local defects would rather quickly lead to overheating and failure. 5th FORUM ON NEW MATERIALS PART B An estimate of the DEMO divertor operating conditions (temperatures, loads, fluxes, etc.) without a final reactor design is impossible. Further criteria to assess the suitability of tungsten based materials for component production and assembly are processability, joining technologies, and compatibility with coolant and environment. Last but not least, there are natural criteria like the availability and there are environmental criteria like low-activation which rule out a significant number of possible alloying elements for tungsten. In summary, due to the complexity of all the design-relevant issues and due to the lack of reliable operation parameters, presently an assessment of tungsten based materials for their structural use in divertors can only be made on the basis of preliminary and simplified assumptions.
Thus, a systematic screening study of commercially available tungsten based alloys was performed. The investigations comprised the determination of heat conductivity, of creep strength, and of the dynamic fracture behavior. Like in other alloys, textures in refractory alloys depend strongly on the manufacturing history. Hence, inhomogeneities and anisotropic microstructures are removed (or reduced) by recrystallization treatments. But in contrast to most other alloys, recrystallization of tungsten based materials is accompanied by a severe embrittlement. Consequently, for structural applications tungsten alloys have to be used in the condition as produced. Since the mechanical properties are defined by the underlying microstructure, tungsten based materials can behave quite different, even if their chemical composition is the same. Therefore, the main focus of the investigations was laid on microstructure characteristics like grain size, grain shape, and texture.
Experiments
Creep Rupture Tests. For the creep tests of refractory alloys a special facility has been developed, set up, and put into operation. Standard specimen (gauge length Ø5 mm x 21 mm) can be tested in vacuum up to 1400 °C. The test temperature is controlled by three PtRh-Pt thermocouples and kept constant at about ±2 °C by three PID control units. For the strain measurement, the specimens are equipped with two double-coil extensometers. Their averaged signal is recorded continuously. The resolution is about 1 µm. Constant stress is applied to the specimen via lever arms using weights. The furnace, which can be simply opened, heats a ceramic vacuum tube. Inside this tube the leverage for loading the creep specimen is implemented. All rubber seals have to be water cooled. The actual strain of the creep specimen is forwarded to the extensometers by ceramics rods. This is necessary in order to locate the electronic parts in the cold upper part of the vacuum tube. In this position they can be shielded from radiation heat. All specimens were fabricated by turning.
Thermal Conductivity Tests. Thermal conductivity of the various refractory materials was determined by measuring the thermal diffusivity with the laser-flash method and the heat capacity with the differential scanning calorimetry (DSC) technique. All measurements were performed by commercial standard equipment (Netzsch LFA 427 and Netzsch DSC404) using surface polished disc samples of different diameter and thickness.
Charpy Tests. It is well known, that the ductile-to-brittle transition temperature (DBTT) of tungsten strongly depends on the testing method (see, for example, [8] ). Since structural components are often dynamically loaded, the according materials are usually characterized by standardized Charpy tests according to ASTM or ISO. Though DBTT cannot be directly used as design parameter, Charpy tests on miniaturized specimens (either 3 x 4 x 27 mm³ or 3.3 x 3.3 x 25.4 mm³) have been established as de facto standard. The method is applied especially to nuclear materials to characterize the embrittlement behavior before and after irradiation.
As outlined in the introduction, the determination of the lowest possible operating temperature of a potential structural tungsten material is very important for the divertor design. A possible method is to determine the lowest test temperature at which Charpy specimen still show fully ductile fractures, that is, the lowest test temperature in the upper shelf (LTUS) [9] . If the real load -especially the strain rate -in the structural part under consideration is significantly lower than that of the Charpy specimen, then LTUS method may be too conservative.
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To date, Charpy test results on tungsten and WL10 are rarely published and the results are most often obtained by gas burner heating, so that negative influences due to oxidation cannot be excluded [10] . However, the reported DBTT values for commercially produced 8 mm W and WL10 rods were above 900 °C which would be far too high for any structural divertor application. In order to get more precise results, we placed a drop-weight Charpy testing machine inside a vacuum vessel which was operated at pressures of about 10 -3 mBar to avoid oxidation. The specimens were heated together with the support which allowed for easy and precise test temperature control. To prevent the delicate strain-gauges in the instrumented tup from overheating, the drop-weight is catapulted out of the furnace immediately after the test by a spring device, and is then arrested.
Fabrication and testing of Charpy specimens has been performed according to the EU standards DIN EN ISO 148-1 and 14556:2006-10. That is, small size specimens -sometimes referred to as KLST type -(27 mm x 3 mm x 4 mm, 1 mm notch depth, 0.1 mm notch root radius, 22 mm span) have been used for the tests. The specimens were fabricated by electrical discharge machining (EDM). The notch orientation was L-R (longitudinal-radial) in the case of all rod materials and L-T (longitudinal-transverse) in the case of the plates (see Fig. 1 ).
Round blanks can be considered either as radially or cross rolled plates. Therefore, the specification of specimen orientation fabricated from round plates is similar (see Fig. 2 ). Due to the geometry of the materials, the notches had to be fabricated perpendicular to the rolling direction in most cases (for rod materials no other orientation is possible). This is important for the evaluation of the Charpy results, since this orientation produces the most favorable energy and DBTT values. 
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Materials & Microstructure
Different tungsten rod materials were produced by PLANSEE: pure W, WL10 rolled, and WL10 with the highest possible level of deformation by swaging (WL10opt). In addition, Charpy specimens from swaged rods of tungsten (PW) and WL10 (PWL) have also been produced to compare the influence of material production and other details. These two heats are named PW and PWL just to indicate the different production route. Moreover, rolled plates of pure W and WL10 were used for the investigation. Finally, round blanks of tungsten (RW) and of a tungsten-5wt.%-tantalum alloy (WTa5) were also investigated. An overview of the test materials and their fabrication details is given in Table 1 . For all materials the content of several interstitial impurity elements was determined: C is less than 30 wt. ppm, S and N are less than 10 wt. ppm, and for the pure tungsten materials O is less than 30 wt. ppm. All semi-finished products (rods, plates, round blanks) show distinct textures. This can be clearly seen in the according micrographs. Examples for the plate and round blank microstructures are shown in Fig. 3 . In rods, the grains are extremely elongated along the axis (needle-shaped). Typical rod microstructures are given in [11, 12] . In plates and round blanks, the grains are flattened parallel to their surfaces (pancake-like). These specific microstructures (also indicated in Figs. 1 and 7) are closely connected to the fabrication history which included high deformation levels of 80 to 94 % (see Table 1 ). Since high dislocation densities were induced in the materials during the fabrication processes, stress relief heat treatments were applied to all materials. This, finally, led to the typical cell (subgrain) formation (see, for example, [12, 13] ). The thermo-mechanical treatments during production also affect the form and distribution of the oxide particles in the WL10 materials.
Hence, the roughly spherically shaped lanthanum-oxide powder particles are elongated along the rolling, swaging, forging, or rolling direction. Since La 2 O 3 is not dissolved in tungsten, the oxide particles form needle-like structures in rods. During intermediate annealing the needles break up into strings of smaller oxides which leads to a finer particle distribution. The typical diameter of such lanthanum-oxide needles is about 200-500 nm while the length can be up to 40 µm. Depending on the initial particle size and production parameters, the final oxide form and distribution can be different. They can also be formed flake-like as in the case of WL10opt (see Fig. 4 ) or they are shorter and thicker like, for example, in a W1Re1La 2 O 3 rod used in prior studies [13] .
TEM observations are inappropriate for the analysis of the La 2 O 3 particle shape and distribution due to their large size but also due to the rather difficult sample preparation. Presently, the best results are gained by the Slice&View technique (see Fig. 4 ). The according investigations for the WL10 plate material are still ongoing.
Therefore, exact statements about their La 2 O 3 particle size and shape cannot be given yet. But it is an obvious assumption that the oxides form elongated platelets or flat strips during the rolling process. This is also confirmed by the very first results from focused ion beam investigations.
Results and Discussion
Creep Rupture Tests. The creep tests have been performed with standard weld electrode tungsten and WL10 rods with diameters of 8 mm. The results (time to rupture) are compiled in Fig. 5 . The   Fig. 4 : Three-dimensional reconstruction of lanthanum-oxide particles formed in the WL10opt rod material. The particle shape was imaged by 3D Slice&View techniques [14] using a dual beam FIB (focused ion beam) system (FEI Strata 400). The surface rendering of the oxide particles clearly reveals their flake-like rather than spicular (needle-like) shape. The images were produced by electron back scatter diffractometry (the crystal orientations are given normal to the surfaces with a reduced number of colours). The pancake-like grain structure seems to be similar to those of the plate materials.
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values may be compared with the results from literature (see [15] ) where, to date, only tests on recrystallized tungsten with creep times of maximum 400 hours are available. WL10 shows a creep strength which is about 15 MPa higher compared to that of pure tungsten. Furthermore, the results at 1100 °C of the (not recrystallized) tungsten material seem to be slightly better than the recrystallized material presented in [15] . At 1300 °C it is rather difficult to extrapolate the rupture time vs. stress curve for the WL10 material. The question is whether the slope follows the three longest lasting tests (as illustrated in Fig. 5 ) or whether it follows a more shallow line. The first option would imply a change of deformation mode which, in this case could be the start of recrystallization.
For the current helium cooled DEMO divertor design the design limits for creep strength (in terms of time to rupture) is σ R/20,000h > 55 MPa (1200 °C) which is only met by the WL10 material as can be assessed by help of a Larson-Miller plot [16] .
Thermal Conductivity Tests. With rising temperatures, the tungsten plate and WL10 materials show a continuous decrease of conductivity (see Fig.8 ). With values higher than 90 W/mK at 1300°C, pure tungsten and WL10 meet the DEMO divertor design criteria. However, a clear reduction of the conductivity can be observed in the case of the WL10 plate. As illustrated in Fig. 6 , this behaviour is obviously a consequence of the microstructure and its orientation. Fig. 6 : Thermal conductivity of pure tungsten (plate) and WL10 (plate and rod). The conductivity has been measured along the rod axis and perpendicular to the rolled plate surfaces (see Fig. 7 ). Therefore, compared to the WL10 rod, the heat flux is more suppressed in the WL10 plate due to the higher density of the pancakeshaped oxide particles (lanthanumoxide has a significantly lower thermal conductivity as pure tungsten). 
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Charpy Tests. The results of the dynamic bending tests with specimens of pure tungsten and WL10 rods are shown in Fig. 8 . Pure tungsten clearly shows three different regimes in terms of temperature, energy level, and type of fracture. Below about 550-600 °C, it fractures transcrystalline with Charpy energies lower than 2 J (brittle fast fractures). Above 750-850 °C there are only ductile fractures. This is the upper shelf with Charpy energies between 9 and 12 J. The transition from brittle to ductile fracture takes place in the temperature range of about 600 to 750°C and is accompanied by increased scattering. The reason for that lies in the occurrence of an additional fracture mode: inter-granular delamination fracture. Similar intergranular fractures in tungsten rod materials were reported, for example, in [17] and were also observed in fracture mechanics specimens after performing low strain-rate bending tests [18] . That is, there is no direct transition from brittle to ductile but there are two transitions: (1) from brittle to delamination and (2) from delamination to ductile fracture.
In the case of pure tungsten rods, these transitions take obviously place within a relatively narrow temperature range. For WL10, however, this is different (see Fig. 8 ). Brittle fast fracture was observed around 400 °C with a steep transition to inter-crystalline delamination between 400 and 450 °C. The delamination regime extends from about 450 to more than 1100 °C at an energy level of 5-8 J. Up to 1100 °C there was no onset of ductile fracture recognizable. Compared to the plate, in the rod are less oxide particles within the crosssection of the heat flux. Therefore, the conductivity is higher. Fig. 8 : Charpy test results. The symbols are coloured light grey for pure tungsten and dark grey for WL10 rod materials. Pure tungsten shows distinct temperature ranges for brittle (trans-crystalline) fast fracture and for ductile fracture (upper shelf). The brittle to ductile transition shows broad scattering and is dominated by inter-granular delamination fracture. The WL10 results show a transition from brittle to delamination fracture, but no transition to ductile fracture. The delamination regime exceeds even 1100 °C.
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In summary, there are two differences in the Charpy test results of pure tungsten and WL10 rods: (1) WL10 shows only one transition (from brittle to delamination fracture while the delamination to ductile transition does not occur up to 1100 °C) and (2) the transition temperature is lower by about 150-200 °C. Both observations may be explained reasonably well by the needle-like rod microstructure as depicted in Fig. 9 . Due to the 3-dimensional state of stress, the Charpy specimens are also loaded with stresses in notch direction. At the notch root, local stresses are even increased. Thus, for a certain strain rate and within the right temperature range (between about 600 and 750 °C), the grain boundaries are the weakest link in the microstructure. Therefore, intergranular fracture is most likely to appear. Without a notch, the stress at the grain boundaries would be too low or delamination fractures. This has been verified in [13] with un-notched specimens (cross-section of 3 mm x 3 mm) fabricated of the same pure tungsten rod. They fracture fully ductile above 450 °C without delamination. The addition of lanthanum-oxide -which forms needles or flakes between the tungsten grains (see Fig. 9a ) -obviously weakens the grain boundaries. Therefore, above about 450 °C, WL10 shows only delamination fracture.
The Charpy test results for the plate and round blank materials are shown in Fig. 10 . Compared to the results of the rod materials, the Charpy energies are significantly lower. In all materials, pure ductile fractures did not occur, even at temperatures up to 1100 °C. Brittle fracture occurs at 400 °C for the tungsten plate and at 700 °C for the round blank material. Furthermore, the delamination fracture regime is decreased in the WL10 tests. Figure 13 shows the specific plate delamination fractures which were observed in all plate materials. It also illustrates a reasonable explanation for the observations. Due to the stress σ, the grains are further elongated and small pores form first near the notch root. These pores propagate then inter-granularly along the tips of the pancake-shaped grains (perpendicular to the notch root). The still conjunct ligaments are further elongated and thin out (Fig. 11, lower left sketch) . At lower temperatures (about 500 to 900 °C), the ligaments break by trans-crystalline fracture (Fig. 11, lower middle sketch) . Above about 900 °C, the ligaments show distinct necking and finally break ductile (Fig. 11, lower right sketch) . In both cases, the typical grooves in the fracture surfaces would be the result of inter-granular cleavage. Obviously, the addition of lanthanum-oxide weakens the grain boundaries and, therefore, promotes the inter-granular cleavage even more which lowers the Charpy energy. A comparable behavior was observed in the case of the WL10 rod specimens. Fig. 9 : In specimens of pure tungsten rods, the fracture mode changes with raising temperature from brittle to delamination and, finally, to ductile fracture. (a) During loading, the Charpy specimen is bended which generates tensile stress, but also stresses in notch direction (indicated by the white arrows). (b) If the testing temperature is high enough, the brittle trans-crystalline fracture mode changes to inter-granular fracture. The cracks are initiated slightly below the notch which is the point of maximum stress normal to the grain boundaries.
The result for the W-5wt.% Ta alloy, however, is disappointing. In the temperature range of 800-1100 °C the specimens fractured in a mixed mode (partly brittle and delamination fractures) but on a very low Charpy energy level (less than 1 J). This result was surprising since the grain size of WTa5 is smaller and first tensile tests showed a higher strength compared to that of pure Tungsten (RW). Further investigations have to be carried out to find explanations for the considerable reduction of the dynamic fracture toughness.
Conclusions
Pure tungsten shows lower creep strength compared to WL10. Therefore, it might not fulfill the requirements for structural helium-cooled divertor applications. WL10, on the other hand, shows lower thermal conductivity. But even in the worst case, it is still above 90 Wm -1 K -1 at 1300 °C which would meet the design criteria. The fracture behavior of WL10, however, is rather problematic: Even at temperatures up to 1100 °C there is still inter-granular cleavage. Specimens of pure tungsten rods break fully ductile at temperatures higher than 800 °C, at least. The transition to brittle fracture is significantly lower for the tungsten plate than for the round blank. All specimens with Charpy energies higher than 2 J broke in a specific way, that is, by plate delamination (see Fig. 11 ). All WTa5 specimens showed mixed brittle-delamination fractures comparable to those of the rods.
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Nevertheless, the specific anisotropic microstructure of the tungsten materials limits their applicability. The Charpy specimens in the present investigations were oriented in the optimum way, that is, they were loaded perpendicular to the elongated grains. In this way, tensile/bending stresses appear parallel to the fibrous or plate-like grains which yield the highest Charpy energies. But in real parts like pipes or thimbles, which play a major role in helium-cooled divertors, the microstructure cannot be easily oriented perpendicular to the maximum bending load.
Therefore, the ongoing investigations should focus on further optimization of the chemical composition (presently, WTa5 looks not promising) for a possibly lower brittle fracture temperature as well as on alternative part fabrication processes to allow for an optimum microstructure alignment.
